Method for applying a diamond-like carbon coating on steel, iron or alloys 
thereof. 



Publication number: 
Publication date: 
Inventor: 



Applicant: 
Classification: 

- international: 

- European: 
Application number: 
Priority number(s): 



EP0600533 
1994-06-08 

DEKEMPENEER ERIK HENDRIK ADOLF (BE); 
SMEETS JOZEF JOANNES (BE); MENEVE JAN 
LODEWIJK (BE) 

VITO (BE) 

C23C16/02; C23C16/26; C23C16/02; C23C16/26; 

(IPC1-7): C23C16/32; C23C16/26 

C23C16/02; C23C16/26 
EP1 9930203248 19931119 
BE1 9920001 056 19921202 



Also published as: 

g BE1 006711 (A) 
EP0600533(B1) 



Cited documents: 

f| US4647494 
EP0411298 
EP0427294 
m XP000356293 



Report a data error here 



Abstract of EP0600533 

Method for applying an amorphous, diamond-like 
carbon coating on steel, iron or alloys thereof by 
means of a thin-film technique, characterized in 
that an intermediate silicon film is first applied on 
the steel, the iron or the alloy thereof by means of 
thin-film technique before the carbon coating is 
applied. 
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<S) Metiiod for applying a diamond-like carbon coating on steel, Iron or altoys thereof. 



<§) Method for applying an amorphous, diamond-like 
cart>on coating on steel, iron or alloys thereof by 
means of a thin-film technique, characterized in that 



an intenrnediate silicon film is first applied on the 
steel, the iron or the alloy thereof by means of thin- 
film technkiue before the cart>on coating Is applied. 
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The invention concerns a method for applying 
an amorphous, diamond-like carbon coating on 
steel, iron or alloys thereof by means of a thin-fiim 
technique. 

Amorphous, diamond-like carbon, in writing 
also known as a-C or arC:H. is a material whose 
qualities compare very much to the exceptional 
qualities of diamond. Coatings of this type of car- 
bon are very hard, chemically inert, they have a 
very small coefficient of friction and they are opti- 
cally transparent in infrared. 

Further details regarding the qualities and 
preparation techniques of diamond-like carbon 
films or coatings can b& found in writing, among 
others by E.HJV. Dekempeneer et al., in "Thin Solid 
Rims" 217 (1992) 56-61" and Y. Catherine, in 
"Diamond and Diamond-Like Films and Coatings". 
R.E. Clausing, L.L. Horton, J.C. Angus and P. KoidI 
(editors.), NATO ASI Series B 266 (1991) 193-228. 
Other elements may be added to the coatings to a 
limited extent. Typical examples thereof are silicon- 
alloyed carbon coatings, called a-Sii-xCx:H. where- 
by X is bigger than 0.6 and smaller than and equal 
to 1, which have similar qualities as the pure, 
diamond-like carbon coatings, but among others 
l)etter friction qualities under humid conditions, as 
described by J. Meneve et al. in "Diamond and 
Related Materials" 1 (1992) 553-557). 

As tiiin-film techniques which are used can be 
cited plasma-assisted chemical vapour deposition 
(PACVD) at a temperature below 350 *C. whereby 
a vapour containing hydrocarbon, for example a 
mixture CH4/H2 under tow pressure, for example 10 
Pa, is decomposed in a plasma, and whereby the 
thus formed components deposit in the fonnri of a 
solid coating on an electrode of the discharge 
space onto which a negative bias tensk>n, for ex- 
ample between 100 and 500 V is provided. 

DiamorNHike carbon coatings usually have 
high internal compressive tensions, as a result of 
which the adherence on many substrates often 
leaves much to be desired. 

The application of an amorphous, diamond-like 
carbon coating on a metallic, magnetic coating and 
a ceramic sealing element respectively by means 
of such tiiin-film techniques is described among 
ofliers in US-A-4 647 494 and DE-A-3 832 692. 
From tiiese it is obvious that the adherence of the 
carbon coating on such substrates and other met- 
als leaves much to be desired. Steel or iron or 
alloys thereof are not mentioned here. 

Further, it is known that diamond-like carbon 
may be expected to adhere well to carl>ide-forming 
substrates such as steel. Iron or alloys thereof (A. 
Grill, V. Patel and B.S. Meyerson, in "Applications 
of Diamond Films and Related Materials". Y. 
Tzeng, M. Yoshltewa, M. Murakawa. A. Feldman 
(editors), Elsevier Science Publishers B.V. 1991). 



The invention alms a method for applying an 
amorphous, diamond-like carbon coating on steel, 
iron or ah alloy thereof, which ensures an even 
better adherence of the carbon coating. 
5 To this aim, an intermediate silicon film is first 

applied onto the steel, tiie iron or tiie alk>y thereof 
by means of a thin-film technique before applying 
the cartK)n coating. 

The application of an intermediate silicon film 
10 is known as such from said patents US-A-4 647 
494 and DE-A-3 832 692. Both documents de- 
sait>e how the use of an intermediate silicon film 
makes it possible to significantiy improve the ad- 
herence of the carbon coating on the substrates. 
IS According to patent US-A-4 647 494 a silicon film 
which is as thin as possible (thinner than 10 nm) is 
deposited on the metallic magnetic coating, and 
sutxsequentiy the cart)on coating witii abrupt sur- 
faces of contact between the silicon film and the 
20 8ut)strate on the one hand and ttie silicon film and 
the cart>on coating on the other hand. However, 
there is no reason to try out such an intermediate 
film with substrates of steel, iron and alloys thereof. 
Thus, it is very surprising that also with the latter, 
2S carbide-forming sut>strates a significantiy better ad- 
herence is obtained by applying an intermediate 
silicon film, and thus by forming silicides with the 
substrate, as opposed to the above-mentioned 
prospects in related texts (A. Grill et al.). This is 
30 ot>vtous with relatively thick, diamond-like cart>on 
coatings (2 microns and more). Without the inter- 
mediate silicon film, such thick coatings would 
automatically peel off from the steel subsh-ate. 
The application of diamond-like carbon films 
35 with an intermediate silicon film is also described in 
patent EP-A-0 411 298 and in "APPUED PHYSICS 
LETTERS" part 58, Ho. 4. 1991, page 358-360, but 
in these cases not amorphous but polycristalline, 
diamond-like carbon coatings are concerned which 
40 are deposited at high temperatures, usually 800 • C. 
The intermediate silicon film aims among other 
things to compensate for the thermal coefficient of 
expansion between the substrate and the diamond 
layer. With the application of amorphous, diamond- 
45 like cart)on coatings in accordance with the patent 
application, this coefficient of expansion is not im- 
portant since these coatings are deposited at sig- 
nificantly tower temperatures, namely tower than 
350*C. 

50 According to a special embodiment of the in- 

vention, an intermediate silicon film which is be- 
tween 10 and 50 nm thick is applied. 

According to an advantageous embodiment of 
the invention, the intermediate silicon film is ap- 

55 plied by means of plasma-assisted vapour deposi- 
tion. 

This embodiment is extremely well suited to 
form the intermediate silicon film and the cartxin 
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coating in one and the same reactor. The silicon 
phase can for example be formed of siiane and the 
carbon phase of methane. 

According to a preferential embodiment of the 
invention, there is a gradual transition t>etween the 
silicon phase and the carbon phase via an a- 
Sii-xCx or a-Sii.xCx:H transition coating. 

In the known methods (see US-A-4 647 404), 
this transition is relatively abrupt Thanks to the 
gradual transition, an even better adherence of the 
carbon coating is surprisingly obtained, also with 
thicknesses over 2 micron, as the compressive 
tension in tlie cartK)n coating is gradually reduced 
towards the surface of contact. 

Practically, a fransition coating is applied which 
is between 10 and 100 nm thick. 

The diamond-like cart>on coating may t>e a 
hard, intrinsic carbon coating. However, elements 
of metallte and non-metallic nature may be possi- 
t>ly added up to an atomic concentration < 50%^ 

Other particularities and advantages of the in- 
vention will become clear from the following de- 
scription of a method for applying a diamond-like 
carbon coating on steel, iron or an altoy thereof, 
according to the invention. This descriptk>n is given 
as an example only and does not limit the invention 
in any way. SakJ description refers to the accom- 
panying drawings, wtiere: 

figure 1 shows a diagram of tlie atomic fractions 
of silicon and carbon as a function of the depo- 
sition time; 

figure 2 shows a diagram analogous to that in 
figure 1 of the atomic fractions of silicon and 
carbon as a function of the deposition time, but 
also as a function of the distance to the sut>- 
strate and in relation to another embodiment of 
the invention; 
In order to apply an amorphous, diamond-like car- 
bon coating a-C:l-l on a substrate of steel, iron or 
an alloy thereof, for example on stainless steel or 
lOOCrO steel, according to the invention, one 
should proceed as follows: 

The sut)strate is first cleaned, preferably in the 
deposition reactor itself by means of a plas- 
ma/etching process. 

Subsequently, an amorphous, intermediate sili- 
con film a~Si:H is deposited on the substrate by 
means of a known thin-film technk|ue such as 
cathodic evaporation, physical vapour deposition or 
chemical vapour deposition, in particular plasma- 
assisted, after whteh by means of the same thin- 
film technique, possibly with altered process pa- 
rameters, the diamond-like carbon coating a-C:H is 
applied. The intermediate film should be minimally 
a few atom layera thick in order to ot>tain a com- 
plete coating of the substrate. Since said intermedi- 
ate film has no favourat>le mechanical qualities 
itself, its thickness is best restricted to 50 nm, such 



thai the intermediate silteon film is normally be- 
tween 10 and 50 nm thick and amounts to for 
example 15 nm. 

The carbon coating may be intrinsfe and may 

6 consist of practically 100% carbon. According to a 
variant, elements of metallic or non-metallic nature 
may be possibly added up to an atomic concentra- 
tk>n of 50% to this cartoon coating. Such an addi- 
tk>n is Si, whereby the carbon coating may be 

10 indicated with a-Sii-xCxiH, whereby x is between 
0.5 and 1. 

According to a special embodiment, a transi- 
tion coating is applied between the intermediate 
silicon film and the carbon coating, such that a 

IS gradual transition is obtained t)etween the silicon 
phase and the cartoon phase. The silicon com- 
pound used for the fliin-film technk)ue is hereby 
gradually replaced by tiie cartron compound which 
is used afterwards for the deposition of the dia- 

20 mond-like cart)on coating. 

This amorphous transition coating may be re- 
presented as arSii-xQK or a-Sii-,Cx:H, whereby x 
varies between 0 and 1. As a result of the gradual 
transition tetween the silicon phase and the carbon 

2S phase via said a-Sii-xCx:H transition coating, the 
actual total intermediate coating, t>eing said transi- 
tion coating and the intermediate silicon film, is 
thicker. Thanks to the gradual transition, the com- 
pressive tensions in the cartx>n coating can be 

30 gradually reduced towards the surface of contact 
with the substrate, as a result of which, surpris- 
ingly, an even better adherence is ot>tained. in 
particular for carbon coatings which are more than 
2 micron thick. 

35 The thickness of this transition coating nor- 

mally varies between 10 and 100 nm and is for 
example 25 nm. By adding the transition coating of 
25 nm to a thin intermediate silicon film of 10 nm, 
the critical force of the scratch test, for carbon 

40 coatings which are more than 2 micron thfek. is 
increased with at least 45% in comparison witii tiie 
case in which only a silicon intenmediate film of 10 
nm is used. 

However, the transition coating a-Sii-^CxiH can 
45 be made very thick. With x varying between 0.6 
and 1, said transition coating has very interesting 
mechanical qualities itself, especially under humid 
conditions, which show much resemblance to those 
of pure, diamond-like carbon films (see J. Meneve 
50 et al.. "Diamond and Related Materials' 1 (1992) 
553-557). It is possible and sometimes preferable 
to have the transition coating come out in an a- 
Sii-xCx:H, whereby x > 0.6 and to subsequently 
replace the pure, thick carbon coating on top by a 
55 thick silicon-alloyed carbon coating a-Sii-xCxiH. 

According to a typical embodiment, use is 
made of rf (radio-frequent) plasma-assisted deposi- 
tion at a temperahjre below 350 *C. The substrate 
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is placed on the rf electrode of a rf plasma-assisted 
deposition reactor in which a vacuunn is then cre- 
ated until a background pressure of for example 
10~^ mbar is obtained. Subsequently, the process 
gases are allowed in the reactor, and a plasma is 
ignited. 

Ttie process is started with a plasma/istching 
process, for example in an inert gas plasma for 
several minutes in order to remove possible impuri- 
ties on the surface of the substrate. 

Subsequently, the intermediate silicon film is 
allowed to grow in a silicon-containing plasma, for 
example silane. The deposition time is selected 
such that a silicon coating of the required thickness 
(for example 20 nm) is deposited on the sul>strate. 
The Si precursor is then replaced by a C precur- 
sor, for example methane, preferably gradually and 
without any expansion of the plasma, until the Si 
precursor has disappeared entirely. The replace- 
ment speed is selected such that the transition 
coating Sii^^^x has the required thickness (for ex- 
ample 50 nm). The hard carbon coating, possibly 
with an Si content, may then further grow to the 
required thickness. 

For the sake of simplicity, all these operations 
are carried out at a constant pressure, a constant rf 
power and a constant gas flow. Ttie process tem- 
perature depends on the intensity of the ton bom- 
bardment on the rf electrode. This ion bombard- 
ment is the result of fhe negative charging of the rf 
electrode (self-bias tension) during ttie plasma pro- 
cesses. The tension of the rf electrode is usually a 
few hundred Volts, and the process temperature is 
tower than 350*C. 

The invention will be furttier illustrated t>y 
means of the following examples: 

Example 1, 

A substrate of martensitic stainless steel is 
placed on the cathode of a PACVD reactor. A 
vacuum is created in the reactor until a typical 
background pressure of 10~^ mbar is obtained. 
Before depositing the coatings on the substrate, 
the substrate is made extra clean by means of a 
plasma/^hing process whereby an Ar/H2 plasma 
(for example with a 1/1 ratio) is ignited in the 
reactor. This can be done with for example the 
following process parameters: operating pressure 
1.5 Pa, gas ftow 0.017 Pa.m^s~^ (10 seem), rf 
power 90 W, cathode tension 500 V and time 5 
min. Following the plasma/etching process, an in- 
termediate silicon film of 15 nm thick is first depos- 
ited by replacing said plasma by an SiH^/Kb plas- 
ma, i.e. silane to which Ha is added as a diluent 
During tiie growth process, the operating pressure, 
the rf power and the gas ftow are maintained at 10 
Pa. 100 W and 0.085 Pa.m».s.-^ (50 seem). 



Subsequentiy, a carbon coating of 2300 nm 
thick is applied onto the intermediate silicon film. 
This carbon coating is allowed to grow on the basis 
of the plasma whtoh is ignited in methane to whtoh 

5 H2 was added as a diluent Tfie same parameters 
as mentioned above are hereby used. 

Rgure 1 shows a diagram with the deposition 
time on the X-axis, which is proportional to the 
tiiickness of the coatings, and the atomic fraction of 

10 Si (dashed line) and of C (full line) respectively on 
ttie Y-axis. 

The adhesion of the coatings was tested by 
means of a scratch adhesion test The critical force 
at which the coating starts to chip along the scratch 
IS line was 6.8 +/-0.3 N (see definitions scratch adhe- 
sion failing mechanisms by P.J. Bumett and D.S. 
Rickerby. In "Thin Solid Rims" 154 (1987) 403- 
416). 

20 Example 2. 

The method from example 1 is repeated, but a 
gradual transitton coating a-Sii.xQx:l^ is applied 
between the intermediate silicon film and tfie car- 

25 bon coating. This transition coating is allowed to 
grow on the k>asis of a plasma which is ign'rted in a 
silane/imethane gas mixture whereby Hz was added 
as a diluent and whereby the amount of silane is 
gradually reduced and the amount of methane is 

30 gradually increased to the same extent 

During the growth process of tfie transition 
coating, the operating pressure, the total gas flow 
and ttie rf power are constantly maintained at the 
values whtoh were applicat>to during the formation 

35 of the intermediate silicon film. Ttie Sihl^ is gradu- 
ally replaced by CH4, without any expanston of ttie 
plasma, until tiie SiH^ has disappeared entirely, at 
such a speed that a transition coating of 25 nm is 
ot>tained. 

40 Figure 2 shows a diagram with the distance to 

the substrate in nm and the deposition time in 
minutes on the X-axis and the atomic fraction of Si 
(dashed line) and C ^11 line) respectively on tiie Y- 
axis. 

45 For this carbon coating, the critical force in the 

crash adhesion test was equal to 9.8 +/- 0.4 N, 
which is 45% higher compared to the critical force 
for the carbon coating deposited according to ex- 
ample 1. This implies that, thanks to the transition 

50 film a-Sii-sAc^H an even t>etter adhesion of the 
carbon coating onto tfie substrate Is unexpectedly 
ot>tained. 

According to the above-described method, ad- 
hesive, amorphous, diamond-like cartoon coatings 
55 thicker ttian 2 mtoron can be very easily otytained 
on substrates of steel, iron or alloys thereof. Al- 
though steel and iron form carbides, the adhesion 
of ttie carbon coating is significantiy better thanks 
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to the intermediate silicon film. 

The thus obtained relatively thick and strongly 
adhesive carbon coatings offer an excellent resis- 
tance against wear and corrosion.. 

The invention is by no means limited to the 
at>ove-described embodiments; on tlie contrary, 
within the scope of tlie following claims, said em- 
iKKliments can be made in all sorts of variants. 

In particular, the method is not restricted to the 
application of a carbon coating on martensitic steel. 
Other sorts of steel, iron or alloys thereof can be 
used as a substrate. 

Also the above-mentioned process parameters 
(gas precursors, operating pressure, gas flow, 
radiofrequent power, cathode tension, etc.) are 
merely given as an esomnple and may be ctianged 
to a large extent. 

Instead of PACVD, other thin-film techniques 
such as for example PVD sputtering techniques 
can t>e used for the application of the coatings. 

Claims 

1. Method for applying an amorphous, diamond- 
like carbon coating on steel, iron or alloys 
thereof by means of a thin<film technique, 
characterized in that an intermediate silicon 
film is first applied on the steel, the iron or the 
alloy thereof by means of thin-film technique 
before the carbon coating is applied. 

2. Method according to the above claim, char- 
acterized in that an intermediate silicon film is 
applied which is thicker than 10 nm. 

3. Metfiod according to any of the at>ove claims, 
characterized in that an intermediate silicon 
film is applied which is thinner than 50 nm. 



whteh tfie cart>on coating is altowed to grow to 
the desired thtekness. 

7. Method according to any of claims 5 and 6, 
5 Characterized in that a transition coating is 

applied with a thickness between 10 and 100 
nm. 

& Method according to any of the above claims, 
10 characterized in that a cart>on coating is ap- 

plied to which elements of metallic or non- 
metallic nature may be possibly added up to 
an atomic concentration of maximum 50%. 

16 9. Method according to claims 4. 5 and 8, char- 
acterized in that the intermediate silicon film is 
applied by means of plasma-assisted vapour 
deposition after which, without any expansion 
of the plasma, a silicon precursor in the shape 

20 of gas is gradually replaced by a cariton pre- 

cursor until the silicon fraction is reduced such 
that the composition of the a-Sii-xQx or a- 
Sii-xQx: H coating is sufficiently rich in cart>on, 
whereby x is bigger than 0.6 and smaller than 

2S or equal to 1. after which the carbon-rich layer 

may furtiier grow to the required thickness. 
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4. Method according to any of the atK)v6 claims, 40 
characterized in that the intermediate silkx)n 

film is applied by means of plasma-assisted 
vapour deposition at a temperature tower than 
350 'C. 

4S 

5. Method according to any of the above claims, 
characterized in that there is a gradual transi- 
tion between the silicon phase and the carbon 
phase via an a-Sii-xC, or a-Sii-^Qx^H transition 
coating. so 



& Method according to claims 4 and 5. char- 
acterized in that the intermediate silicon film is 
applied by means of plasma-assisted vapour 
depositton after which, without any expansion 55 
of the plasma, a silicon precursor in the shape 
of gas is gradually replaced by a carbon pre- 
cursor until the amount of silicon is 0, after 
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